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ABSTRACT 12 
Sibelco Australia Limited (SAL), a mineral sand mining operation on North Stradbroke 13 
Island, undertakes progressive rehabilitation of mined areas. Initial investigations have found 14 
that some areas at SAL’s Yarraman Mine have failed to redevelop towards approved criteria. 15 
This study, undertaken in 2010, examined ground cover rehabilitation of different aged plots 16 
at the Yarraman Mine to determine if there was a relationship between key soil and 17 
vegetation attributes. Vegetation and soil data were collected from five plots rehabilitated in 18 
2003, 2006, 2008, 2009 and 2010, and one unmined plot. Cluster (PATN) analysis revealed 19 
that vegetation species composition, species richness and ground cover differed between 20 
plots. Principal component analysis (PCA) extracted ten soil attributes that were then 21 
correlated with vegetation data. The attributes extracted by PCA, in order of most common 22 
variance, were: water content, pH, terrolas depth, elevation, slope angle, leaf litter depth, 23 
total organic carbon, and counts of macrofauna, fungi and bacteria. All extracted attributes 24 
differed between plots, and all except bacteria correlated with at least one vegetation 25 
attribute. Water content and pH correlated most strongly with vegetation cover suggesting an 26 
increase in soil moisture and a reduction in pH are required in order to improve vegetation 27 
rehabilitation at Yarraman Mine. Further study is recommended to confirm these results 28 
using controlled experiments and to test potential solutions, such as organic amendments. 29 
 30 
31 
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INTRODUCTION 32 
Sibelco Australia Limited (SAL), a heavy mineral sand mining company on North Stradbroke 33 
Island, aims to progressively rehabilitate mined areas to a standard that meets or exceeds 34 
the approved revegetation acceptance criteria outlined in Schedule H of SAL’s 35 
Environmental Authority MIN 10097150922 (Department of Environment and Resource 36 
Management, 2010). The approved criteria allow SAL to assess in detail the success of the 37 
rehabilitation developing towards a self sustaining native ecosystem by measuring 38 
vegetation attributes, including native species richness and density, height and cover. The 39 
approved criteria are based on assessments undertaken at representative unmined 40 
vegetation communities on North Stradbroke Island.  On completion of mining and the 41 
placement of tailings, the area is sequentially re-profiled, topsoiled, fertilised, and direct 42 
seeded with native species collected from the island as identified in the pre-mine flora 43 
studies. In addition, a cover crop of hybrid foliage sorghum is direct seeded, assisting with 44 
erosion control as well as adding organic matter and increasing water infiltration. Following 45 
the successful establishment of the direct seeding (approximately 18 months), SAL 46 
undertake an intensive program of native tube stock planting of species known to be less 47 
successful from direct seeding or unable to be direct seeded.  48 
 49 
SAL has identified the need for further remediation of some areas of Yarraman Mine in order 50 
for rehabilitation to progress towards mine relinquishment. In particular, poor vegetation 51 
development has been identified in some areas. Since the same rehabilitation process is 52 
used, and all areas of the mine have similar soil landscapes (minimal podzols; Thompson 53 
and Ward, 1975), the causative factor(s) are most likely localised and could be soil related. 54 
Soil ecology does not currently play a major role in SAL’s rehabilitation process despite 55 
growing evidence that a range of physical, chemical and biological soil attributes directly 56 
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influence or relate to vegetation development and sand dune succession (Berendse et al., 57 
1998; Enright and Lamont, 1992; Greenslade and Majer, 1993; Kooijman et al., 1998).  58 
 59 
PHYSICAL AND CHEMICAL SOIL ATTRIBUTES 60 
A range of physical and chemical attributes can influence vegetation development. 61 
Inadequate quantities of soil water can decrease vegetation germination and establishment 62 
in mining rehabilitation and sand dune ecosystems (Enright and Lamont, 1992). pH has 63 
been found to directly correlate with plant productivity (Crocker and Major, 1955), with a 64 
negative relationship reported in sand dune ecosystems overtime (Berendse et al., 1998; 65 
Kooijman et al., 1998). pH has also been found to influence the composition of soil biota, 66 
including some fungi and mesofauna, with sand dune studies finding species composition 67 
differed between acidic and alkaline soils (Brown, 1958; Goralczyk, 1998; Kooijman et al., 68 
1998). 69 
 70 
Clear relationships have been identified between total organic carbon, which can be used as 71 
a measure of soil organic matter (SOM; Schoenholtz et al., 2000) and vegetation growth in 72 
mining rehabilitation (van Aarde, 1998).  In sand dune succession, SOM appears to be a key 73 
factor influencing vegetation change; it has been found to directly regulate nitrogen 74 
availability for plant uptake, which in turn determines plant productivity (Berendse, 1998; 75 
Kooijman et al., 1998). High levels of SOM can improve nitrogen cycling, water holding 76 
capacity, soil fauna recolonisation and reduce pH (Berendse, 1998; Berendse et al., 1998; 77 
Frouz et al., 2007).  78 
 79 
BIOLOGICAL SOIL ATTRIBUTES 80 
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Soil organisms can influence other soil attributes through the decomposition of organic 81 
matter, nutrient cycling, bioturbation and suppression of soil borne diseases and pests, each 82 
of which indirectly affects vegetation development (Brussaard et al., 1997). Microflora play a 83 
key role in enhancing nutrient cycling and providing a food source for the larger soil fauna 84 
(Haselwandter, 1997). Mesofauna appear to directly influence vegetation development; in 85 
mining rehabilitation, the number of Collembolans (springtails) has been found to correlate 86 
with tree canopy cover and plant species richness (Greenslade and Majer, 1993). 87 
Mesofauna, particularly protozoa and nematodes, are essential for nutrient cycling as they 88 
break down organic matter for microbes to convert into inorganic material (Brussaard et al., 89 
1997).  90 
 91 
Macrofauna impact vegetation development both directly and indirectly by cycling nutrients, 92 
improving soil structure, and facilitating seed dispersal (Majer, 1997). Macrofauna, 93 
particularly earthworms, also play an essential role in bioturbation, in which their burrows 94 
create channels, pore space and microhabitats for small soil biota (Brussaard et al., 1997; 95 
Snyder and Hendrix, 2008). Macrofauna groups that spend only part of their life cycle in the 96 
soil, including the larval stages of some species of Diptera, have been reported to facilitate 97 
decomposition of organic matter and nutrient cycling (Frouz, 1999).   98 
 99 
PROJECT AIMS  100 
Even though key physical, chemical and biological attributes have been reported to influence 101 
vegetation development and succession, few sand mining rehabilitation studies have 102 
examined multiple soil attributes, and then related them to vegetation development. Building 103 
on existing research, the goal of this project was to identify which soil attributes, if any, have 104 
influenced vegetation development on Yarraman Mine. Specifically, the aims were to 105 
determine if there was a difference in ground cover (as a measure of vegetation 106 
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development) between different aged mine plots; and to determine if there was a relationship 107 
between key soil and vegetation attributes across the different aged plots. A 108 
chronosequence approach was used in this study due to time constraints, and because 109 
major sources of variation overtime could be excluded; all plots studied were on a similar soil 110 
landscape (Thompson and Ward, 1975) and underwent the same rehabilitation process. 111 
112 
7 
 
MATERIALS AND METHODS 113 
STUDY AREA AND EXPERIMENTAL DESIGN 114 
This study was undertaken at SAL’s Yarraman Mine on North Stradbroke Island, 40km east 115 
of Brisbane, Australia (27°27’S, 153°29’E). The field study used a chronosequence 116 
approach with five different aged rehabilitated plots including R0 (2010, 6 week old), R1 117 
(2009, 1 year old), R2 (2008, 2 years old), R4 (2006, 4 years old) and R7 (2003, 7 years old) 118 
as well as U1 an unmined plot with remnant vegetation (PLATE 1).  119 
 120 
Within each plot, five random subplots (10m x 10m) were surveyed and sampled. Ground 121 
cover data was collected from ten randomly located 1m2 quadrats and three soil subsamples 122 
were collected at random. Within each quadrat, a list of ground cover species were 123 
identified, to species level where possible, and percentage of ground cover types were 124 
determined (seedlings/shrubs, grasses, tree base width, woody debris, leaf litter, terrolas 125 
(bitumen emulsion) and bare ground). Landform data, including slope and elevation, was 126 
recorded for each subplot. A soil profile approximately 20cm deep was extracted and 127 
analysed. At a depth of 10cm, pH was determined with a field kit and three subsamples were 128 
collected and refrigerated for analysis.  129 
 130 
LABORATORY ANALYSIS 131 
Macrofauna extractions 132 
Mesofauna and macrofauna (referred to as macrofauna) were extracted from the soil using 133 
twelve modified Berlese-Tullgren funnels for 5 days using a 60W light bulb and 80% ethanol 134 
solution. Each funnel was modified for sandy soils by covering the grill with loose weave 135 
curtaining; covering the funnel with tulle; and wrapping plastic around the base of the funnel 136 
and the top of the beaker. After 5 days the soil was sieved (2mm) for larger soil organisms. 137 
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Different morpho-species within each insect order were identified using a 30x magnification 138 
stereomicroscope and Lucid online key to insect orders (UQ Entomology Staff, 2008).   139 
 140 
Microflora and microfauna plate counts 141 
Microflora and microfauna numbers were determined using Clesceri’s et al. (1998) spread 142 
plate technique using DRBC (Dichloran Rose Bengal Chloramphenicol) and R2A (Reasoner 143 
and Geldreich, 1985) agar media for counts of fungi and bacteria respectively, and were 144 
reported as colony forming units (CFU) per gram. Each soil sample was diluted 10-1 in soil 145 
extraction buffer (0.01% Tween 20, 0.01% tetrasodium pyrophosphate in phosphate buffered 146 
water, pH 7.2 ± 0.2) and a further 10-3 in phosphate buffered water. Plates were incubated at 147 
22-25°C for 5 d before colony counting.   148 
 149 
Water content  150 
Percent gravimetric water content (water content) was determined by measuring dry weight 151 
after 24 hours at 60°C (Voroney et al., 2008). 152 
 153 
TC, TN, TOC 154 
Total carbon (TC), total nitrogen (TN), and total organic carbon (TOC) were determined 155 
using the chloroform fumigation extraction method (Voroney et al., 2008) with ethanol free 156 
chloroform (CHCl3).  Soil samples were wetted between 50% and 60% of the plot’s average 157 
water holding capacity (Wilke, 2005) and incubated at 25°C for 5 days. After 5 days one of 158 
the two subsamples was fumigated for 24 hours then evacuated four times for 5 minutes. 159 
Fumigated subsamples, non-fumigated subsamples and blanks were mixed in a 1:2 solution 160 
of 0.5M potassium sulphate (K2SO4) for one hour at five RPM before filtration through 161 
Whatman 42 filter paper. The solutions were spiked and analysed using a Shimadzu TOC/ 162 
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TN analyser. Each solution was spiked with 5ppm potassium hydrogen phthalate (KHP). 163 
Blanks with deionised water and 5ppm KHP were also analysed.  164 
 165 
STATISTICAL ANALYSIS  166 
Vegetation species composition (presence/absence for each subplot) was determined by 167 
multivariate clustering using pattern analysis in PATN (version 3; Belbin and Griffith 168 
Univeristy & CSIRO, 2008).  A dendrogram and two-way table were produced using flexible 169 
unweighted pair group arithmetic averaging (UPGMA) using a beta of -0.1 (Belbin, 2004). 170 
Monte-Carlo attributes in an ordination (MCAO) was used to create a list of species (by plot) 171 
that accounted for ≤1% of variation in the data. SPSS (version 17.0) was used for all other 172 
data analysis. Differences between plots were determined for vegetation and soil attributes 173 
using one-way ANOVA or Kruskal-Wallis tests. 174 
 175 
Principal component analysis (PCA) was used to determine which soil attributes accounted 176 
for most of the common variance in data using  Field’s (2009) method of varimax orthogonal 177 
rotation. The Anderson-Rubin method of extracting factor scores was used by retaining 178 
eigenvalues greater than one, and suppressing coefficient values less than 0.4.  Attributes 179 
extracted from the PCA were correlated against vegetation attributes using bivariate 180 
Spearman’s rank correlations based on subplot averages. 181 
 182 
183 
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RESULTS 184 
VEGETATION AND SOIL ATTRIBUTES 185 
Subplot species richness was significantly different between plots (one-way ANOVA 186 
p<0.0001, F=38.506).  The number of native species was highest in U1, and with no exotic 187 
species found in the subplots. Plot R2 had almost the same number of natives as U1, but 188 
also had the highest number of exotic species (FIG. 1). A dendrogram of species 189 
composition (presence/ absence) by subplot produced six groups with a dissimilarity 190 
association of 0.7329 (FIG. 2). All subplots from the same plot were more similar to each 191 
other than to other plots except subplot 6, which was more similar to U1 than R7. A two way 192 
table (MCAO ≤1%) showed that one species, Eriachne pallescens, was driving the split 193 
between clusters for plots U1 and R7 (TABLE 1). All ground cover types differed significantly 194 
between plots (all Kruskal-Wallis p<0.0001; FIG. 3). 195 
 196 
Elevation, leaf litter depth, terrolas depth, water content, pH, TOC, Ln(x+1) transformed 197 
counts of fungi, Ln(x+1) transformed counts of bacteria and counts of macrofauna all differed 198 
significantly between plots (TABLE 2). TC was largely composed of TOC with less than 3% 199 
inorganic carbon. No TN was detected in any of the samples. A dendrogram of macrofauna 200 
morpho-species by subplot showed no obvious pattern between plots (data not shown).  201 
 202 
MULTIVARIATE ANALYSIS 203 
Ten attributes were extracted from the PCA (out of 29), these were, in order of most 204 
common variance: water content (78.3%), pH (70.3%), terrolas depth (65.7%), elevation 205 
(63.2%), slope angle (61.6%), leaf litter depth (57.2%), TOC (55.7%), and counts of 206 
macrofauna (53.8%), fungi (46.1% ) and bacteria (27.5%). PCA produced three principal 207 
components (PC) with eigenvalues over one. PC1 and PC2 explained 20% of the variance, 208 
and PC3 explained a further 18% of the variance in the data (KMO=0.605; Bartlett’s Test for 209 
Sphericity p<0.0001, chi-square=160.980).  210 
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 211 
PC2, which related to water content, pH and slope angle, was highly and positively 212 
correlated with species richness, percent cover of seedlings/shrubs and percent cover of 213 
grasses (TABLE 3). PC2 was also positively correlated with percent cover of woody debris 214 
and negatively correlated with percent cover of bare ground. PC3, which related to TOC, leaf 215 
litter depth, terrolas depth and counts of macrofauna, positively correlated with percent cover 216 
of leaf litter and woody debris and negatively with percent cover of terrolas. Lastly, PC1 217 
which related to terrolas depth, slope angle, elevation and counts of fungi and bacteria 218 
correlated positively with percent cover of grasses and bare ground.  219 
 220 
Individually, water content was the variable with the most common variance and the second 221 
highest correlation with percent cover of seedlings/shrubs (positive correlation; FIG. 4). 222 
Water content also correlated positively with species richness, and negatively with bare 223 
ground (TABLE 3). pH, the variable with the second most common variance, correlated most 224 
significantly with percent cover of seedlings/shrubs (FIG. 5) and second highest with species 225 
richness (both negative correlations, TABLE 3). pH correlated negatively with percent cover 226 
of woody debris and positively with percent cover of bare ground.  227 
 228 
The third and fifth most common variance, terrolas depth and slope angle respectively, both 229 
correlated negatively with percent cover of seedling/shrubs and species richness (TABLE 3).  230 
Elevation correlated positively with bare ground only. Leaf litter depth correlated positively 231 
with percent cover of leaf litter and negatively with terrolas depth. TOC, counts of 232 
macrofauna and counts of fungi correlated highly and positively with percent cover of leaf 233 
litter and negatively with percent cover of terrolas (TABLE 3).  234 
 235 
236 
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DISCUSSION 237 
In an attempt to determine which attributes may be contributing to the poor rehabilitation in 238 
some areas of Yarraman Mine, this study investigated whether vegetation development 239 
(particularly ground cover) differed between plots and whether any soil attributes were 240 
correlated with vegetation attributes.  241 
 242 
VEGETATION ATTRIBUTES 243 
Results of PATN analysis indicated that vegetation species composition differed between 244 
plots with all subplots clustering by plot except subplot 6. All except one MCAO (≤1%) 245 
species found in subplot 6 were also found in U1 which would explain why subplot 6 was 246 
more similar to the subplots in U1 rather than R7 (TABLE 1). These results may reflect the 247 
fact that subplot 6 was the only subplot in R7 that was several metres away from severe 248 
gully erosion.  Soil erosion has been reported to inhibit the establishment of native species 249 
(Espigares et al., 2011). Consequently, further study of erosion effects on vegetation 250 
development at Yarraman Mine is recommended.  251 
 252 
Counts of native and exotic species and ground cover types were not linearly distributed 253 
(FIG. 1 and FIG. 3). This presented a major challenge for analysis since suspected poor 254 
vegetation development in plots R4 and R7 was difficult to distinguish from succession. 255 
Previous studies have identified non-linear patterns for vegetation and soil attributes 256 
occurring as a result of successional changes in species composition. These studies have 257 
identified an increase in species until around 4 to 7 years post disturbance when the number 258 
of species decreases temporarily before slowly increasing again as one successional 259 
community replaces another (Fox and Fox, 1984; Frouz et al., 2001). As a result, in this 260 
study it has been difficult to differentiate between natural changes in vegetation composition 261 
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due to the replacement of early successional vegetation communities with later communities 262 
overtime or unsuccessful rehabilitation resulting in poor cover of natives and high cover of 263 
exotic species. Similar patterns of species diversity, seedlings/shrubs cover and/or leaf litter 264 
cover have been found in comparable sand dune studies, including one on North Stradbroke 265 
Island, indicating that succession may explain the results of these attributes (Bisevac and 266 
Majer, 1999; Fox et al., 1996; Majer, 1985). 267 
 268 
However, natural succession does not explain the observed pattern of native species across 269 
the chronosequence and the number of exotic species in R4 (FIG. 1). Additional native 270 
seedlings were hand planted in the plots, except R2 (due to poor establishment of 271 
seedlings), at approximately 18 months. This should have led to an increase in the number 272 
of native species from R2 onwards, since late successional species can establish on early 273 
successional soils in sand dune ecosystems (Lichter, 2000). Furthermore, the later 274 
successional natives planted should have been more suited to the nutrient poor environment 275 
of sand dunes, making them more competitive than early successional species (the exotics) 276 
which usually require more resources to flourish (Rees et al., 2001).  277 
 278 
Contrary to previous studies on sand dunes, percent cover of bare ground increased with 279 
plot age (FIG. 3) (Bisevac and Majer, 1999; Majer, 1985). It was assumed that bare ground 280 
would increase initially as the terrolas declined, and then decrease as leaf litter and 281 
vegetation cover improved, however this was not the case. These results suggest other 282 
factors, such as the soil, may influence vegetation development at Yarraman mine. 283 
 284 
PC2: RELATIONSHIP BETWEEN WATER CONTENT, pH AND VEGETATION 285 
DEVELOPMENT 286 
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Of the principal components, PC2 correlated strongly with attributes that are indicators of 287 
vegetation development (percent cover of seedlings/shrubs and species richness) (TABLE 288 
3). The main attributes relating to PC2, pH and water content not only explained the most 289 
common variance, but both also correlated highly with vegetation development attributes; 290 
providing strong evidence that pH and water content may be central to the problem of poor 291 
rehabilitation. Positive relationships between soil moisture and vegetation development have 292 
been found in other sand dune studies, with soil moisture appearing to be one of the most 293 
influential attributes, especially during the early stages of succession (Lichter, 1998; Olff et 294 
al., 1993). A previous experimental study on a rehabilitated sand mine found that low soil 295 
moisture limited the survival and growth of Banksia species due to evaporation in the topsoil 296 
(Enright and Lamont, 1992). A related problem on sand dunes is high infiltration rates which 297 
can reduce the amount of plant-available water (Kellman and Roulet, 1990).  Since North 298 
Stradbroke Island receives ‘regular’ and relatively high rainfall (average annual rainfall 299 
1471mm, average number of rain days per year 119; Bureau of Meteorolgy, 2010), 300 
infiltration could play a key role on Yarraman Mine, with low soil moisture at least partially 301 
the result of low water holding capacity.   302 
 303 
Vegetation development was negatively correlated with pH (TABLE 3. and FIG. 5); this result 304 
is similar to another sand dune study with acidic soils (Kooijman et al., 1998) but contrasts 305 
with other sand dune studies where pH decreased overtime (Berendse, 1998; Berendse et 306 
al., 1998; Olff et al., 1993). The initial decline in pH between R0 and R1 (TABLE 2) may be 307 
the result of the terrolas and fertilisers which, as forms of organic matter, have been found to 308 
decrease pH (Berendse et al., 1998; Jones et al., 2010). Conversely, the observed increase 309 
from R1 to R7 which was significantly different is difficult to explain as organic matter 310 
increased during the seven-year period which would be expected to  lead to decreased pH 311 
(Berendse et al., 1998).   312 
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 313 
Plot U1 (the unmined plot) had low pH, high organic matter and high water content, as found 314 
in another sand dune study (TABLE 2) (Berendse et al., 1998). Rehabilitated plots had 315 
comparatively higher pH, less organic matter and less water content compared to the 316 
unmined plot (TABLE 2), indicating that the high pH may be related to the amount of soil 317 
moisture. These results suggest that the amount of SOM is central to SAL’s rehabilitation 318 
problem even though direct relationships were not found between TOC and pH or water 319 
content, and only weak relationships existed between pH or water content and leaf litter 320 
depth (TABLE 3). Direct links were not found between these attributes; this may be because 321 
the rate of increase in SOM was too slow (due to a low mineralisation rate), or because the 322 
chronosequence was too short to show long-term relationships.  323 
 324 
PC3: RELATIONSHIP BETWEEN LEAF LITTER, TOC, AND MACROFAUNA (PLUS 325 
NITROGEN) 326 
None of the soil attributes from PC3 (leaf litter depth, TOC and counts of macrofauna) 327 
correlated directly with vegetation development; however they did correlate with percent 328 
cover of woody debris, leaf litter and terrolas (TABLE 3). A close relationship between the 329 
amount of leaf litter, SOM and soil fauna was expected since leaf litter is essential to the 330 
entire soil biota food web (Frouz et al., 2007).  SOM increased with plot age, as reported in 331 
other studies (Berendse, 1998; van Aarde, 1998). SOM can regulate nutrient mineralisation, 332 
particularly nitrogen, in sand dune ecosystems which then determines the amount available 333 
for plant uptake (Berendse, 1990; Kooijman et al., 1998). Since nitrogen has been found to 334 
be the most limiting nutrient for plant productivity in sand dune ecosystems (Olff et al., 1993), 335 
it was suspected this would be a key factor in this study, however this could not be tested as 336 
TN was not detected in any of the samples.  337 
 338 
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A direct correlation between soil macrofauna (and mesofauna) and vegetation development 339 
was not found in this study (TABLE 3), however relationships have been found in other 340 
research (De Deyn et al., 2004; Frouz et al., 2007; Greenslade and Majer, 1993). The 341 
macrofauna numbers in this study appear to be influenced by the amount of TOC and leaf 342 
litter. Positive relationships between mesofauna and SOM have been found previously in 343 
mining rehabilitation studies with soil moisture, pH and SOM influencing mesofauna 344 
(nematodes) in sand dune ecosystems (Andrés and Mateos, 2006; Goralczyk, 1998).  345 
 346 
PC1: RELATIONSHIP BETWEEN ELEVATION, TERROLAS, SLOPE, FUNGI AND 347 
BACTERIA  348 
The relationships between the attributes in PC1, including elevation, terrolas depth, slope 349 
angle and counts of bacteria and fungi CFU, were less obvious than the attributes in PC2 350 
and PC3 (TABLE 3).  All were weakly correlated with each other, but only slope and terrolas 351 
depth correlated with vegetation development. The negative relationship between terrolas 352 
and vegetation development can be, at least partially explained by terrolas’ purpose of 353 
providing a temporary ground cover which prevents erosion while the vegetation establishes. 354 
 355 
Slope angle had a negative relationship with vegetation development with plots R0 and R7 356 
both displaying low species richness and steeper slopes than other plots (TABLE 2 and 357 
TABLE 3). In mining rehabilitation, steep slopes can have reduced soil moisture and are 358 
highly susceptible to erosion (Jim, 2001). Severe erosion is an obvious explanation of why 359 
the vegetation in R7 did not develop as expected; it was difficult to assess the impact of 360 
slope on vegetation in R0 because of the plot’s age. Of the soil attributes in PC1, elevation 361 
accounted for the most variability in the data; however it did not relate to vegetation 362 
development, and only correlated with precent cover of bare ground (TABLE 3).  The pattern 363 
of elevation was similar to the pattern for counts of fungi CFU across the chronosequence. 364 
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This appears to be the result of other factors related to elevation influencing microorganisms; 365 
such as lower soil moisture and nutrients (Lewis et al., 2010).  366 
 367 
Neither bacteria nor fungi correlated directly with vegetation development (TABLE 3), a 368 
relationship that has been difficult to establish in other studies (Harris, 2009). Such results 369 
for bacteria were unexpected as the number of colonies did not increase with plot age.  Low 370 
numbers of bacteria in U1 may be the result of U1 having a much lower pH than the 371 
rehabilitated plots as suggested in other studies (Frouz et al., 2006; Mabuhay et al., 2004). 372 
The pattern for fungi also contrasts with previous research (Frouz et al., 2001). The initial 373 
increase in observed numbers was probably the result of changing soil conditions with time 374 
since disturbance (Frouz et al., 2001). As found for bacteria, the decrease in culturable fungi 375 
at R7 could be the result of low soil moisture with low numbers in U1 related to the acidic soil 376 
(average pH 4.23). These results, and the results from PC3, provide further evidence that pH 377 
and water content are key attributes that are not only influencing vegetation development, 378 
but also other soil attributes at Yarraman Mine. 379 
 380 
CONCLUSIONS 381 
Based on the findings of this study, it is likely additional remediation of problematic areas of 382 
rehabilitation at Yarraman Mine will be required to develop a self-sustaining ecosystem that 383 
meets approved rehabilitation criteria determined by the site’s environmental licence 384 
conditions. The results of study suggest that soil moisture, and/or water holding capacity, 385 
needs to be increased and pH decreased in the rehabilitated plots, particularly R4 and R7, if 386 
vegetation ground cover is to be improved at Yarraman Mine. The interrelationships 387 
identified in this study suggest improving SOM would also lead to improved vegetation 388 
development, since it can potentially decrease both pH and increase soil moisture.  389 
 390 
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It is recommended that the results of this exploratory study be tested in a controlled 391 
microcosm or pot trial experiments. We propose that that SAL subsequently investigate 392 
short- and long-term solutions to the problems of low soil moisture, high pH and low SOM, 393 
such as the addition of organic amendments to determine the effects of these attributes on 394 
the establishment of native vegetation. A range of organic amendments (green waste, 395 
biosolids and biochar) have been found to increase soil water holding capacity, decrease 396 
pH, improve organic matter and improve vegetation development (Jones et al., 2010); the 397 
utility of such amendments warrant careful scrutiny in the context of ongoing vegetation 398 
rehabilitation efforts on North Stradbroke Island sand mines. 399 
400 
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Plot R0 (6 weeks)                                          Plot R1 (1 year)  
 
Plot R2 (2 years)                  Plot R4 (4 years) 
 
Plot R7 (7 years)                   Plot U1 (unmined) 
 
PLATE. 1. Ground cover of the different aged rehabilitated plots and unmined plot at 
Yarraman Mine.  
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TABLE 1. List of Monte-Carlo attributes in an ordination (MCAO) for vegetation 
species that accounted for ≤1% of the dissimilarity between dendrogram groups#. 
Group Plot Subplot MCAO Species (≤1%) Native 
A U1 1-5 Xanthorrhoea sp. 
Monotoca sp. (Fraser Island P. Baxter 777) 
Austromyrtus dulcis 
Entolasia stricta 
Banksia serrata 
Coleocarya gracilis  
Caustis blakei subsp. blakei 
Leucopogon ericoides 
Woollsia pungens 
Leucopogon margarodes 
Boronia rosmarinifolia 
Unknown 1 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
√ 
? 
B R7 6 Monotoca sp. (Fraser Island P. Baxter 777) 
Austromyrtus dulcis 
Banksia serrata 
Eriachne pallescens 
√ 
√ 
√ 
√ 
C R7 5, 7, 8, 9 Xanthorrhoea sp. 
Monotoca sp. (Fraser Island P. Baxter 777) 
Unknown 2 
Poaceae 1 
Melinis repens 
√ 
√ 
? 
? 
x 
D1 R4 11-15 Poaceae 1 
Melinis repens 
Pseudognaphalium luteoalbum 
Emilia sonchifolia 
Eleusine indica 
Cenchrus caliculatus  
Crotalaria pallida var. obovata 
? 
x 
√ 
x 
x 
√ 
x 
D2 R2 14-20 Xanthorrhoea sp. 
Austromyrtus dulcis 
Entolasia stricta 
Unknown 1 
Melinis repens 
Pseudognaphalium luteoalbum 
Emilia sonchifolia 
Eleusine indica 
Cenchrus caliculatus  
Crotalaria pallida var. obovata 
Glycine tomentella 
Lomandra multiflora 
Unknown 5 
√ 
√ 
√ 
? 
x 
√ 
x 
x 
√ 
x 
√ 
√ 
? 
E R1 21-25 Sorghum 
Melinis repens 
Pseudognaphalium luteoalbum 
Emilia sonchifolia 
Eleusine indica 
x 
x 
√ 
x 
x 
F R0 26-30 Sorghum 
Unknown 8 
x 
? 
#Species in bold were unique to one group 
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TABLE 2. Test statistics and plot averages (standard deviation) for key soil attributes#. 
Attribute Test statistic R0 R1 R2 R4 R7 U1
Elevation (m) Χ2=63.200 
p<0.0001 
76.8 (10.1) 88.40 
(5.0) 
100.0 
(13.6) 
119.8 (5.0) 95.6 
(12.2) 
71.6 (8.5) 
Slope angle (°) Χ2=54.914 
p<0.0001 
14.2  
(2.6) 
5.6 (1.7) 3.8 (1.7) 4.6  (5.6) 16.2 (3.2) 5.8 (4.4) 
Leaf litter depth 
(cm) 
Χ2=60.005 
p<0.0001 
0 0 0 0 
 
.3  (.6) 1.4  (1.3) 
Terrolas depth 
(cm) 
Χ2=88.231 
p<0.0001 
1.6 (.6) 0 0 0 0 0 
Water content 
(%)* 
F=16.198 
p<0.0001 
6.2 (2.3) 7.74 (2.2) 5.21 (1.6) 5.22 (2.3) 3.06 (1.1) 9.4 (2.3) 
pH Χ2=37.810 
p<0.0001 
5.0 (.4) 4.6 (.2) 4.7 (.4) 4.9 (.4) 5.00 (.46) 4.23 (.26) 
TOC (μg-1g soil) Χ2=27.674 
p<0.0001 
12.5  (1.3) 12.8 (1.5) 16.8 (4.5) 15.1 (2.9) 18.8 (7.0) 17.9 (6.4) 
Counts of fungi 
CFU*  
F=6.375 
p<0.0001 
504.90 
(692.1) 
841.20 
(872.7) 
1425.15 
(914.5) 
2409.17 
(1493.7) 
1540.08 
(1759.8) 
1038.84 
(784.5) 
Counts of 
bacteria CFU*  
F=6.499 
p<0.0001 
2257.2 
(1660.2) 
3339.7 
(2132.8) 
3099.3 
(2127.2) 
2829.0 
(1674.5)  
2900.4 
(2300.2) 
802.6 
(379.0) 
Counts of 
macrofauna 
F=5.151 
p<0.0001 
4.7 (4.1) 6.9 (4.7) 8.2 (6.9) 8.2  (3.4) 13.3 (5.5) 11.4 (4.8) 
# key soil attributes were extracted from principal component analysis 
*data was transformed using Ln(x+1) 
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TABLE 3. Significant correlation coefficients between vegetation attributes and key 
soil attributes and principal components (based on subplot averages)#. 
Correlation coefficients 
Attribute Average 
subplot 
species 
richness 
Percent cover of average subplot  
Grasses Seed-
lings/ 
shrub 
Tree base 
width 
Woody 
debris 
Leaf 
litter 
Bare 
ground 
Terrolas 
PC1  .561     .562  
PC2 .692 .576 .800  .486  -.475  
PC3     .586 .780  -.768 
Water 
content 
.374  .630    -.667  
pH -.638  -.653  -.659  .515  
Terrolas 
depth 
-.649 -.644 -.380  -.574 -.644 -.383 .688 
Elevation       .500  
Slope -.488 -.699 -.535      
Leaf litter 
depth 
    .434 .606 -.399 -.638 
TOC    .419 .537 .581  -.597 
Counts of 
macro 
fauna  
    .464 .525  -.615 
Counts of 
fungi 
     .483 .423 -.511 
Counts of 
bacteria 
        
# Key soil attributes determined by principal component analysis (PCA) 
PC= principal component 
TOC= total organic carbon 
Correlations are significant at ≤ 0.05 (2 tailed)  
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FIGURE CAPTIONS 
FIG. 1. Total vegetation species richness showing native, exotic and unidentified species for 
each plot.  
 
FIG. 2. Dendrogram of vegetation composition (presence/ absence) for different aged plots 
by subplot. Bray Curtis dissimilarity of 0.7329 at the dark dotted line.  
 
FIG. 3. Average percentage of ground cover types (seedlings/shrubs, grasses, tree base 
width, leaf litter/soil organic matter (SOM), bare ground and terrolas) for each plot.  
 
FIG. 4. Correlation between percent cover of seedling/shrubs and water content (R2=0.469, 
using subplot averages).  
 
FIG. 5. Correlation between percent cover of seedling/shrubs and pH (R2=0.462, using 
subplot averages).  
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